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CHAPTER 4
INTERFERENCE EFFECTS

During this increment, much effort was spent in modeling the interference
effects which occur in integrated circuits. This chapter describes the work that
was performed in this area, including detailed investigations into the basic
mechanisms involved. Sections 4.1 through 4.3 are concerned with the rectification
properties of PN junctions. 1In Section 4.1, the results of a series of
rectification measurements are described for several common diodes. Section 4.2
expands the existing rectification theory by using a Fourier expansion technique,
and includes predictions of the rectification efficiencies of several diodes which
agree closely with the data presented in Section 4.1. Section 4.3 takes an
existing model for rectification in PN junctions and predicts the expected range
of the model parameters for use in worst case analyses.

Sections 4.4 through 4.6 of this chapter describe the modeling of complete
integrated circuits. Most of the circuits were modeled in conjunction with
special computer programs for circuit analysis. In Section 4.4, interference is
simulated in 7400 NAND gates using the computer program SPICE, and a comparison
is made of the relative susceptibilities of the standard, high speed, and low
power TTL versions of this gate. A worst case analysis of this circuit is
presented in Section 4.5, using the worst case rectification information from
Section 4.3. In Section 4.6, several approaches to modeling interference in 741
op amps are presented, including a very simple and convenient offset generator
model. The programs ISPICE and SPICE2 are used in the calculations.

Section 4.7 describes an analytical approach to evaluating signal quality in
data transmission systems using line drivers and receivers. The signal quality

is inversely related to the "jitter" which may occur in a transmitted signal and
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this section presents a means of evaluating this quantity. Susceptibility
information from Section 3.2 can be combined with the results of this section to
yield signal quality information in terms of RF frequency and power level.

4.1 Diode Rectification Measurements

Rectification of RF signals by PN junctions has been determined to be the
principal source of interference in modern electronic circuits. However, because
of the nonlinear nature of semiconductor junctions, an analytical approach to
studying rectification becomes quite involved, except for the small signal case
where simplifying assumptions can be made. A study of diode rectification was
undertaken during this increment to measure some of the rectification properties of
semiconductors.

The current rectification efficiency of several diodes was measured versus
bias voltage, RF power level, and frequency. Figure 4.1 illustrates a typical
test setup that was used in the testing. The diode under test was placed in an
HP 11602B transistor test fixture. The cathode of the diode was placed at RF
ground by Tocating a coaxial short in the RF line an appropriate distance beyond
the test fixture socket. The diode was biased with a power supply, and the dc
component of diode current was measured with an electrometer. The RF power level
was measured with a power meter and directional coupler.

The current rectification efficiency, n (eta), is defined as

n = (ige = no re)/Pree
where iRF is the dc component of diode current when the RF signal is present,

(4.1)

ino RF is the diode current when no RF signal is applied, and

PRF is the RF power level which causes i, to flow.

RF
The current recitfication efficiency was measured for diode bias voltages of 0,
0.25, 0.50, and 0.60 volts. Frequencies of 220 MHz, 450 MHz, 1 GHz, and 2 GHz

were used in the testing.
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Figure 4.1. Typical Test Setup to Measure Current Rectification in Diodes
Figure 4.2 shows the rectification efficiency measured for a 1N718 diode
versus bias voltage, frequency, and RF power level. For low RF power levels, the
rectification efficiency remains constant with RF power and depends only on bias
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Figure 4.2. Rectification Efficiency Measured for IN718 Diode versus Frequency, Bias
Voltage, and RF Power Level.

voltage and frequency. This is the small signal (square law) region. At higher
power levels, the rectification efficiency becomes greatly dependent on RF power

Tevel, as the rectification becomes a large signal phenomenon. With increasing

i :
3 ‘ frequency, the rectification efficiency decreases. For the IN718, rectification '] :
“i{ efficiency decreases by an order of magnitude between frequencies of 1 GHz and '] J‘
2 GHz, Also, the diode rectification obeys a square law dependence over a wider -
range of power as the frequency increases. For the IN718, the square law region J
E’ 32
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, includes RF powers less than approximately 10'4 watt at 220 MHz, but extends to
* L 1072 watt at 2 GHz.
; Figure 4.3 shows the rectification efficiency measured for a IN965B diode.
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3'. Figure 4.3. Rectification Efficiency Measured for 1IN965B Diode versus Frequency, Bias
s Voltage, and RF Power Level. |
1 ’
4 These curves are similar in shape to those shown in Figure 4.2 for the IN718. As
; ‘ ﬂ with the 1N718, the 1N965B does not enter the large signal region at the power §
levels that were used in the testing. It is interesting to note the very large %
PR ; Lot i
{ range over which the rectification efficiency varies with bias voltage: for bias |
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voltages between 0 and 0.60 volts, the rectification efficiency varies by a factor

of 107.

Figure 4.4 shows the rectification efficiency measured for a 1N914 diode.
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Figure 4.4. Rectification Efficiency Measured for 1N914 Diode Versus Frequency, Bias
Voltage, and RF Power Level.

These curves are similar in shape to those shown in Figures 4.2 and 4.3. However,

S .
ol

the IN914 shows more clearly the large signal rectification region which occurs

at the higher RF power Tevels. In this region, the rectification efficiencies for

different bias voltages approach each other asymptotically (on a Tog plot) and
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become proportional to (PRF)']/Z. The rectified current is then proportional to

1/2
(Pag)

and bipolar transistors]. At a bias voltage of 0.5 or 0.6 volts, the IN914 is in

» Which is the relation used in large signal interference models of diodes

the large signal region at RF powers greater than 1 mW at a frequency of 220 MHz,
and at RF powers greater than 4 mW at 1 GHz.

An unusual phenomenon occurs at 1 GHz and 2 GHz for the 1N914 diode that was
not observed to occur with the other diodes. The rectification efficiency appears
discontinuous at certain values of RF power. At 2 GHz, a discontinuity occurred
at approximately 5 mW at a bias of 0.25 volts, and at approximate];£40 mW ‘at a
bias of 0 volts. These discontinuities appeared to have a hystersis effect: the
discontinuities occurred at different power levels depending on whether the RF
power was being increased or decreased through the region. Closer examination of
the rectification characteristics of this diode yield some insight into the cause
of these discontinuities.

Figure 4.5 shows the IV characteristics measured for the 1N914 diode at a
frequency of 2 GHz for power levels of 4.5 mW (6.56 dBm), 5.1 mW (7.06 dBm), and
5.7 mW (7.56 dBm). These curves show that a negative resistance region exists in
the IN914 diode characteristic. References [2] and [3] describe similar
observations for germanium rectifiers. The reason that the negative resistance
region occurs is not entirely clear. Torrey and Whitmer, in Reference [2], show
that sufficient conditions for a negative resistance region to occur are:

1) the diode is representable by a nonlinear resistance in shunt with a voltage
variable capacitance, 2) the spreading resistance of the diode must be small, and
3) the constant component of shunt capacitance must be small. However, they also
conclude that the diode series inductance has some influence on the appearance of
the negative resistance region.

An analytical approach to studying rectification using a Fourier expansion
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Figure 4.5. Current-Voltage Characteristic Measured for 1N914 Diode Showing Negative
Resistance Region Which Occurs When RF is Conducted into Diode at 2 GHz.
technique is described in the next section. The method predicts curves of similar

shape versus RF power as those shown in Figures 4.2 through 4.4, and appears to

be a fairly good representation of the rectification phenomenon because it

encompasses both the large and small signal regions. (However, as presently
formulated, the method does not predict the existence of a negative resistance
region in the IC characteristics).

4.2 Rectification Theory Using Fourier Analysis

Earlier studies4 have shown that rectification in a diode can be calculated
by a time domain method: the junction current and voltage waveforms are calculated,
then averaged over a period to obtain their dc values. This method is very time
consuming, requiring the solution of nonlinear differential equations if diode

capacitance is included. Small signal calculations are convenient, but can be used
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only where RF power levels are quite small. A Fourier expansion method is much
more convenient than the time domain method and is applicable over a wider range of
power levels than the small signal approach. The theory is presented in this
section.

Figure 4.6 illustrates a simple circuit for the study of diode rectification.

Rg (LARGE) iD
K g
+
(LARGE)
VscOSwt "V> XZID
Vpbc

Figure 4.6. Circuit for Study of Diode Rectification

The relationship between the diode current, iD’ and the diode voltage, Vp> is

=1 (eQVD Sl (4.2)

D 7 ps
where IDS is the diode reverse saturation current, and Q is a constant having
-1
)

dimension (volts) . The RF source is assumed to contain a series resistance, RS'

The diode current and voltage can be written in terms of their harmonic
components:
1D = IDC + I] cos ot + I2 cos 2wt + I3 cos 3wt + . . ., (4.3)
and

= Voo + (V. - I,R.) cOS wt - I,Rs cos 2wt - I4R¢ cos 3wt -. . . (4.4)

b - s~ 17 3"s
(The inductor is assumed large so that is passes only dc current, and the capacitor

is assumed large so that it passes all ac components of current). Substitute for

vp in equation (4.2) to obtain

QcheQ(VS - I1R3) cos wt - QIZRS cos 2wt

= ] -
%y Ipse

ip = Ipgle
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Define:

>
|

T Q(Vs i I]RS)
x2 y 'QIZRS
X3 = -QI3RS, gtc.
Then the diode current can be written

‘ 3 QVDC X] cos wt X2 cos 2wt X3 cos 3wt
ﬁ iy = Ipe (e e e oo o) = Ipge (4.5)

Xcos ot

The quantity e can be expanded in terms of its Fourier components:

e e e

eXCOSmt=[Io(X) +27% I.(X) cos nwt],

n=1
where In(X) is a modified Bessel function of the first kind of order n and

argument X. The diode current can then be written

. Wpe %
L -IDS + IDSe [IO(X]) + 2 nz] In(X]) cos nwt] L
. [Io(Xz) + ZnE In(Xz) cos 2nwt]

1
- [I,(X5) + 2n§1 I,(X3) cos 3nut] .
. etC. (4-6) -4

As a simplification, assume that the higher harmonic components of current ']
and voltage are small, i.e., that X2, X3, X4, etc. are small, then :
1 = IO(XZ) = IO(X3) x IO(X4)= iy i] :
and .
0 =~In(X2) = In(X3) = In(X4) L Sy l]
for all n > 0. Then equation (4.6) simplifies to I
. Qpe ] :
4‘ ip ==Ipg * Ipge [IO(X]) + ZnE] In(X]) cos nwt]. (4.7) -

By comparing (4.7) with (4.3), it is apparent that

Qe ;

oc
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and
Wpe
I.l = IDSe ZI](X]).

The functions IO(X) and I](X) can be written as series expansions:

(0 =1+ X t (4.8)
n Tofn) =1+ 5 % + Y 4.
i 0 22 9% e g2 7. 42 . g2
3 5
e X
Lo I,(X) =5+ + e ot a8 (4.9)
1 2T B

The result is three equations in three unknowns (IDC’ I], X]):

- i QVDC
] Lo = mlipe *# 158 I,(x) (4.10)
QV
i : DC
I, = 2 I, (X)) (4.11)
X; = Q(Vg - I4Ro). (4.12)

These equations can be solved numerically (using equations (4.8) and (4.9)) *o
find the dc current that results for a given RF source amplitude, Vs‘

Figure 4.7 shows the IDc VvS. VDC curves which are predicted by equations (4.10) -

-14

’ (4.12). The diode was assumed to have I.. =1 x 10 amps and Q = 1/(.026 volt),

DS
and the RF source resistance was 50Q. The shape of the curves is similar to those
Ii measured in the lab and predicted by time domain calculations.

Figure 4.8 compares an IDC VS. VDC curve calculated by the Fourier expansion

! u method with one calculated with the time domain method. The Fourier method
! e predicts a curve that is a fairly good representation of that predicted by the
L more accurate time domain method. The difference between the curves is due to the
i {] simplifying assumptions. Greater accuracy can be obtained by including the next
'*ﬁ A several harmonic components in the calculations, but this would increase the
[; difficulty of solution. Figure 4.8 illustrates that good accuracy can be obtained
[T by solving equations (4.10) - (4.12), with much less effort that is required with
L) a time domain calculation.
e 39
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Figure 4.7 Predicted Diode Rectification Using Fourier Expansion Method
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Figure 4.8. Comparison of Methods for Predicting Junction Rectification
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This method can be applied to the more general circuit shown in Figure 4.9.

R (LARGE) i
S AAJI D

i | o |

(LARGE) *

c
AMPLITUDE = V, <¥> R &= S;ZZVD

FREQUENCY =

Vpc =

Figure 4.9. General Circuit for Study of Diode Rectification

Here, the diode capacitance is represented as the sum of a constant capacitance
term, Co’ and a voltage-variable term:
Qv
» D
C-= Co + KIDSe 5 (4.13)
where K is a constant with units farads/amp.

The development is similar to the earlier case and, as before, the higher

harmonic components are assumed small. The result is 4 equations in 4 unknowns:

N QVp
Inc = ~Ips * Ips® Io(Xy) (4.14)
X, = Qv (4.15)
Ve = [V, + 2 RI erDI (X.)1% + [wV;R(C. + 2KI erDI (X;)/%)1% (4.16)
S 1 S'DS T il bt i’ DS 1VM7Y 4
Wy > Moo = Bl (4.17)

In this case, the dc component of voltage across the diode is VD’ and VDC is
the dc supply voltage. These equations can be solved numerically to yield the dc
components of current and voltage resulting from the RF signal.

Predictions were made of the rectification efficiencies of several diodes.
Figures 4.10 and 4.11 show the rectification efficiencies that were predicted for
types IN718 and 1N965B diodes, respectively. The parameters used in the

calculations were measured in the laboratory for particular diodes, and are listed

4]
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Figure 4.10. Predicted Rectification Efficiency for IN718 Diode
f in Table 4.1. The incident RF power level, PRF’ was given by PRF = V52/4OOQ. The n
diode was assumed biased with a voltage source, so RL = 0. -
Comparison of Figures 4.10 and 4.11 with the measured data in Figures 4.2 ? 1
and 4.3 shows the method to be fairly accurate in predicting the wide variations E
7]
! in rectification efficiency that occur with bias voltage and power level. In the i
44 IN718 data the rectification efficiency of the VDC = .6 volt case was measured

to be higher (by a factor of 10) than predicted. Also, the power levels where

the rectification efficiency enters the large signal regime vary somewhat (about
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Figure 4.28. Closed Loop Amplifier Circuit Used in Op Amp Simulations

the input statements for an RF simulation. The input command structure is similar
to that used in SPICE, but several additional features are available. One example
is that circuit element values may be made functions of an independent variable.

In the Tisting of Figure 4.29, RFPWR is an independent variable specifying the RF
power level. The values of current sources ISCC and ISCE are then made functions

of the RF power level with the commands

e

Iscc 4 1 XC(RFPWR)
ISCE 7 3 XE (RFPWR) ‘
where XC(RFPWR) and XE(RFPWR) are functions of the RF power level specified by the -
following statements: ; j
XC(RFPWR) = 0.01 # (RFPWR) 4% .5 1
XE(RFPHR) = 0.17 % (RFPWR) ## .5. -
Another feature available in ISPICE is that element values may be specified in : j
tabular form versus an independent variable. In Figure 4.29, the forward alpha 3 i
E is tabulated versus RF power in the statement ! ;
| FAFIE 1 2 2 6 TABLE(RFPWR 0, .9933, .125M, etc.) ! T
68
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FILI : AMF-741 CKT FROM: F DISK

RL 1S5 0 S00

RFD 1S5 1 10N

KRINt O 2 910

RIN- 16 1 1N

RC1 2305

RC2 5308

RE1 2712

RE2 2712

RE 9.872MEG

R2 10 100K

RO1 1! 15 32.13

RO2 11 0 42.87

RC 12 0 0.02125M

c1 S & S.46F
.4 €2 10 11 3oF

CE 9 0 2.41F

P1 11 12 DILIM OFF

P2 12 11 DILIM OFF

D3 19 13 IWLIM OFF

D4 14 15 DVULIM OFF

X ‘OFF’ INDICATES [HAT THE ASSOCIATED NIOQDE IS OFF FOR

x  INITIAL ANALYSIS
3 %01 S § 3JF ER-MOL2
s g XQ2? 6 2 4 RF-ERMOL(RTIWR)
X ‘RFFWR’ IS THE VARIAELE KUTRESENTING THE KE FOWER
¥ 'KFFWR’ WILL KE SWEI'T OVEI A USER DL TERMINED KAilGE
X ‘X’ A5 THE FIKST LETIEKR OF AN ELEMENT NAMC INDICATES
X A CALL TO A SURCKT
VIN1 16 O VINI
vC 7 13 NC 1.803
VE 14 8 IIC 2.303
vece 7 o Inc 12
VEF 8 0 nc -12
IEE 9 8 ILC 20.26U
GCHVE 9 10 9 0 6.28N
GAVA 10 0 5 6 1388.6U
GEUR 11 0 10 0 247.49
GCVIS 0 12 15 0 46,964k
L X ELEMENTS HEGINNING WITH ‘G’

' MODEL DILIM DOIS=8-14)

MODEL DVLIM D(IS=
ISFICE:

0 & NN
OO v oo Uo

. ca

ARE VOL TAGE CONTROLLED

BE-16)

- 741 Macromodel Including RF Effects

When executing, the values of the independent variables

and if desired, they may be stepped over a range of values.

power level when RF enters the inverting input,

| in the 1aboratory]2, shown as X's.

' 69
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CUKKRENT SOURCES

iwust be specified,

The latter procedure

i U was used to obtain values of output voltage vs. the RF power level. Additional
'; I information on ISPICE features and command structure can be found in the ISPICE
g# 8 Reference Manua]l].
;“, 3; Curve (a) in Figure 4.30 shows the output voltage of the circuit vs. RF

and compares it to data measured

The output voltage decreases as the input




INTEGRATED CIRCUIT SUSCEPTIBILITY REPORT MDC E1998
5 JANUARY 1979

FILE: RF-EEMOL. SUKCKNT FROM: P

RF-F EMOL (RFFWK) A
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Figure 4.29. (Continued) List of Input Statements for ISPICE Simulation
of 741 Macromodel Including RF Effects

power increases until the amplifier reaches saturation. The simulation data is

conservative compared to the measured data by approximately 4 dB. This is

reasonable, however, because it was assumed that the incident power affects only

the input transistor. In reality, it is unlikely that all of the incident RF

oy
———aa
e

power actually reaches the input transistor. Some is probably absorbed in other i

.
B

-

parts of the chip, or bypasses the input transistor through shunt capacitance.

Curve (a) in Figure 4.31 shows the output voltage vs. RF power when RF enters the

o
)

noninverting input and compares it to the measured case (X's). Again, the

calculations are conservative by about 4 dB.

.
-

-
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Figure 4.30. Output Voltage of Amplifier Circuit vs Incident RF Power.
RF Conducted into Inverting Input of 741 at 220 MHz.

The voltages at which the macromodel saturates are different than the
LQ saturation voltages actually observed. The macromodel saturates at -10.5 volts
t iﬁ i? and at +11.0 volts, where the supply voltages used were +12 volts. The actual
op amp saturates at -9.2 and +10.1 volts. These differences indicate that the
i} values of VE and VC’ which control the saturation voltages in the macromodel, |
should be adjusted if better agreement is desired. The saturation voltages are

independent of the interference effects.
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(a) MACROMODEL
9—(b) FULL MODEL
(c) OFFSET MODEL
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w

(b) =
-5 {
10-5 104 103 102 101 100 101
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Figure 4.31. Output Voltage of Amplifier Circuit vs Incident RF Power.

R N T T Ty (PR RO

RF Conducted into Noninverting Input of 741 at 220 MHz. f]
A complete model of the 741 op amp has also been simulated for comparison o
3
with the macromodel simulation results. The complete model simulations used the ¢
i
‘ computer program SPICE 2, an updated version of SPICE. A schematic diagram for 1]
-4 the 741 op amp is shown in Figure 4.32. Both of the differential pair input =
transistors were modeled using the modified Ebers-Moll transistor model shown in L

Figure 4.21. (This procedure differs from that used with the macromodel, where
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Figure 4.32. Schematic Diagram of 741 Op Amp Used in Complete Circuit Simulations |

only the input transistor at the RF input terminal was modeled with a modified
Ebers-Mol1l transistor model and the other input transistor was modeled with a

standard Ebers-Mo11 model)., Standard SPICE 2 components were used for all other

op amp components, including transistors Q3-Q22. The parameters for Q3-Q22 are

listed in Table 4.8.
Table 4.8. Parameter Values for the Transistors in the

’ ‘ Complete Op Amp Model

i NAME | PARAMETER DESCRIPTION NPN's | PNP's
L BF FORWARD BETA 00 | 100

: BR REVERSE BETA 5 5 |
E RB BASE RESISTANCE () 5 5

“ RC COLLECTOR RESISTANCE (2) | 50 50

RE EMITTER RESISTANCE () 1 1
U IS SATURATION CURRENT (pA) | 0.01 | 0.01
73
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To simulate RF injected into the inverting input terminal, the RF-dependent
current generators ISCE and ISCC of Q2 were assigned values while those of Q1 were
set to zero. For RF injected into the noninverting input, ISCE and ISCC of Q1 were
activated while those of Q2 were set to zero. As in the macromodel simulations,
transistors Q1 and Q2 were assumed similar to 2N930A transistors in characteristics.
Table 4.7 lists the modified Ebers-Mol1 parameters for Q1 and Q2.

Curve (b) of Figures 4.30 and 4.31 show the complete model simulation results
obtained when RF is injected into the inverting input and noninverting input,
respectively. Comparison with Curve (a) in these figures shows that the complete
op amp model and the macromodel yive essentially the same results. A difference
is noted in the voltages at which the output saturates. The complete model
F predicts the saturation voltages much more accurately than the macromodel.

Another difference is seen between the macromodel and complete model simulation
results. The macromodel exhibits an offset voltage at its input when the RF power

5 mW) as a 0.19 volt

level is zero, which can be seen at low power levels (10~
offset from the actual no-RF output voltage value of -5.00 volts. This offset
occurs because of the different procedures used to represent the interference
effect in the differential pair input circuit. In the macromodel, only the input

S transistor stimulated by the RF was modeled with a modified Ebers-Moll transistor

——

model. This contains additional elements not found in the standard Ebers-Moll
mode1 (which is used for the other input transistor) which unbalances the
differential pair circuit even when the RF power level is zero. Modeling both

input transistors with the modified Ebers-Moll model, as in the complete model

—

'4 simulations, preserves the balance of the differential pair and prevents an
) extraneous offset voltage at the input. In subsequent macromodel simulations, it
is recommended that both input transistors be modeled with modified Ebers-Moll

models to prevent input offset voltages at zero RF power level.
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Earlier observations had noted that the output offset voltage is directly
proportional to the offset voltage at the input terminals of the op amp. This led
to a simplified model of interference in op amps where the interference effect is
represented as an input offset voltage generator, ViTe in series with the op amp
p ’ input terminals. The relationship between Vi1 and the RF power level would be
known, or could be determined mathematically or experimentally. A similar effect
is observed in the computer simulations.

In Figure 4.33 an inverting amplifier circuit is shown which is the same as

Rr
0.1
; iF 2.
I|—N> - ( ) =+
V
R
A2V, ouT
RNON-INV.

Figure 4.33. Inverting Amplifier Circuit with Offset Generator
Shown at Op Amp Inverting Input Terminal

that used in the macromodel and complete model simulations and which includes the

offset generator VI at the op amp inverting input terminal. The output voltage

can be shown to be 1
& (4 ) (4.43) |
- Var = =Ven 5= = Vip (5— + 1). 4.43
)A ouT IN RIN II RIN

In the circuit shown in Figure 4.28, RIN = 1KQ, RF = 10Ke, and VIN © 0.5V, so

}
[J Vour = -5 - 1vqg volts. (4.44)

Good correlation has been found between the computer-calculated output voltages,

e iy el a2 - 4 12 5 P RN AP~

and the output voltage predicted by Equation (4.44) where the input offset voltage

51 was the product of ISCE and RGE (Figure 4.21). Thus,
1o
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V;y = ISCE % RGE

II

17/P e volts (4.45)
where PRF is the RF power level in watts. A plot of the output voltage using

(4.44) and (4.45) is compared in Figures 4.30 and 4.31 with the output voltage

from the computer simulations. The correlation is found to be excellent. There-
fore, the input offset voltage is seen to be the open circuit voltage of the

Norton equivalent in the base-emitter junction of the input transistor, which arises
from rectification of the RF signal in this junction.

This result can be seen in another way. In the op amp, the input transistors

are in a differential pair circuit. Figure 4.34 shows a basic differential pair
circuit where both transistors have been replaced by modified Ebers-Mol1l models.
In the op amp, both of the input transistors are biased in an "on" state by the
current source IE which drives the differential pair. As such, many of the
elements in the transistor models are inactive. Figure 4.35(a) shows the
differential pair after removal of the inactive elements. The collector junctions
have been removed, since they are reverse biased and do not conduct, and the
current-controlled current sources “RIRl and “RIRZ have also been removed.

In Figure 4.35, RF is assumed to enter the leftmost transistor, and the RF
power level is assumed large enough so that most of the current IF] flows through
diode DXEI’ so diode DET was removed. In addition, the Norton equivalent IXE] and

R has been replaced with its Thevenin equivalent VXE] and RXE1’ where

XE1
Yxe1 7 Txer Rxer rere
In the rightmost transistor, IXE2 is zero (because no RF power enters this =
transistor), so most of the current IF2 flows through diode DEZ' Therefore .
elements DXEZ’ IXE2 and RXE2 were also removed in Figure 4.35(a). T
| It is apparent in Figure 4.35(a) that, because the current source “FIF] in -
| the left-hand branch of the differential pair can have any voltage across it, the
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Figure 4.34. Basic Differential Pair Circuit With Transistors Replaced with

Modified Ebers-Moll Models.
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a 1
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DxE1
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I I
a) E b)

Figure 4.35. Simplification of Basic Differential Pair Circuit .
RF Enters Leftmost Transistor .

voltage source VXE] can be moved into the base lead of the left transistor, as

shown in Figure 4.35(b). The offset voltage corresponding to v., in Figure 4.33

I1
is then

Vir =V -1 R

11~ Vxel (4.47)

F1 "XET*

The value of IF] RXE] is insignificant compared to V (remember the RF power

XE1

level was assumed large enough that most of IF] flows through D 1° which implies

XE
that vXE] would be significantly larger than IF1 RXE1)’ Therefore, the voltage
drop across RXE] can be neglected. The simplified model shown in Figure 4.33 then

follows where
1 * Y Sy (4.48)
The various modeling procedures described in this section have led to a
greater insight of the interference effects in op amps. Additionally, a
simplified offset model has been shown to be related to the more elaborate modeling

procedures via the modified Ebers-Moll transistor model. The offset model has the
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advantages that it is simpler to use than either of the computer simulation models,
and can be used for quick "pencil and paper" types of calculations. The macromodel
approach may be more accurate in some situations, and also could be used to find
circuit responses whan modulated signals are present because the op amp is

modeled in greater detail, including its transient response properties. The
complete op amp simulation approach is the most difficult, and requires more
computer time than the macromodel approach, but has the advantage that interference
effects at other terminals besides the inputs can be simulated by replacing the

appropriate transistors and diodes by their interference models.

4,7 Signal Quality in Data Transmission Systems

Investigations into the RF susceptibility of line drivers and receivers have
established that the receiver input threshold may change when stimulated by RF.
The receiver input threshold is that voltage, applied differentially between the
two receiver inputs, at which the receiver output changes state. As an example,
Figure 3.6 shows the input-output transfer characteristics for a 9615 line receiver.
At input voltages less than -0.08 volts, the output voltage is 5.0 volts (a high
state). For input voltages greater than -0.08 volts, the output voltage is 0.2 volts
(a Tow state). The input voltage -0.08 volts is referred to as the input threshold.
Threshold offsets, such as those caused by RF, have two undesirabie effects
on the signal quality in a data transmission system. First, a threshold offset
will decrease the noise margin of the system, increasing the probability that
spurious bits will enter the data stream in a noisy environment. The second effect,
and the one which is addressed in this section, is that the signal may experience
time variations in the received signal from those sent by the driver. A comparison
¢ the transmitted and received waveforms may show that some pulses have become

“ied in their relative position in the train, and some pulses may appear longer

‘wr than in the original signal. Reference [13] discusses these time
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variations quantitatively in a term called "percent jitter". This is a ratio of
the maximum variation in pulse position or width to the minimum pulse period.

In order to get a laboratory measure of the percent jitter in a data
transmission system, Reference [13] introduces an oscilloscope pattern called a
"binary eye pattern" which is obtained when a random NRZ (nonreturn to zero) signal
of minimum pulse width tyi (a "unit interval") is transmitted down the line and
the actual transmission line voltage at the receiver is observed with the oscillo-

scope. The pattern displayed on the scope is the binary eye pattern. Figure 4.36(a)

TEST POINTS
TO SCOPE
CLOCK — PSEUDO-RANDOM LINE =
1 SEQUENCE DRIVER | TRANSMISSION LINE S TERMI-
GENERATOR f NATION
SCOPE
TRIGGER

A) TEST SETUP TO PRODUCE BINARY EYE PATTERN

PERCENT JITTER = -5 X 100%
ul

B) BINARY EYE PATTERN

Figure 4.36. Jitter Measurement With Binary Eye Patterns
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is a diagram showing how the display is obtained, and Figure 4.36(b) f]]ustrates a
typical binary eye pattern. The pattern consists of the superposition of the
voltage waveforms seen at the termination due to the pseudo-random sequence
generator. Because of the capacitance of the line, the voltage at the termination
cannot change instantaneously, and exhibits the charging behavior evident in

Figure 4.36(b). Referring to Figure 4.36(b), Fairchild defines percent jitter as :

percent jitter = %— x 100%.
ui
For convenience, J is defined as the fractional jitter:
J = %.t._. (4'49)
ui

The jitter can be computed analytically if we consider that the line is driven

(at the driver end) by the voltage waveforms shown in Figure 4.37. Signal A in

w tsiGnaL A

2 +Vee

[

o

S

R 1 | | TIME

> 0 t 2I 3I ' E
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0 1 | | | -
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-l

Figure 4.37. Voltage Waveforms Driving Transmission Line
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Figure 4.37 is initially at a voltage level of +Vcc' switches to -VCc for a unit
interval of time (the shortest pulse width expected in the system), then switches
back to a voltage of +VCC. Signal B is initially at a voltage level of 'Vcc’ then
switches to a voltage level of +VCC. The voltage responses of the two signals at
the termination can be displayed superimposed on an oscilloscope, as shown in

Figure 4.38. These two curves represent a portion of a complete binary eye

2

o

e SIGNAL A

2 +Vee

=

o

- 2

- 0 | | | |__TIME
< 1 T 1 1 ot
w 0 \\\:? /'3 2t 3tq

3 Ve SIGNALB

>

w

£

-

Figure 4.38. Signal Waveforms at End of Terminated Transmission Line
pattern. In calculating the response of the line to an applied signal, the line
ijs assumed to be perfect]y terminated and to charge exponentially. The three

exponential waveforms VO’ V], and V2 in Figure 4.38 can be represented by

5 -t/T -t/T
Vo(t) = VCC e - VCC(] - e ) for 0 > t < t] (4.50)
-(t - t1) -(t - t])
T T i e
Vi(t) = Vp(ty) e O ELR )s  for ty <t (4.51)
't't]) -(t-t-l)
S 90 - T
Vz(t) = Ve © o Vcc(’ e 2 Js for ty <t (4.52)

where T is the time constant of the line.

If we assume the receiver threshold is exactly zero, then receiver state changes
will occur at times t2 and t3 in Figure 4.38. The difference, At = t3 - t2’ is

the widest timing variation possible in the received signal in relation to the
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relative pulse positions in the transmitted pulse train (assuming the time delays
through the driver and receiver for both logic states are symmetrical and have zero

skew). The jitter is

J & (4.53)

The value of t] is the width of a unit interval, so t] = tui’ and the values of t3
and t, can be calculated from Equations (4.50) - (4.52}.

The effect of receiver thresho]d\bffsets is to modify the times t2 and t3 at
F which state changes occur. Receiver thrésho]d changes can be induced when RF
enters the input terminals of the line receivers. RF power inbalances at the two
inputs can cause the threshold to become either positive or negative. In the

general case, it is assumed that the receiver threshold can vary anywhere between

the values +Vth and 'Vth' Since the RF fields are dynamic in general (the fields

may change due to movement of the electronic system, due to movement of the source,
as with a rotating antenna, or due to modulation of the source as in a pulsed radar),
the receiver threshold must also be expected to change. In this analysis, the
{ receiver threshold is conservatively allowed to vary instantaneously between any
values between +Vth and 'Vth' Such threshold variations will induce additional
jitter into the system which may make data transmission difficult.
Figure 4.39 is similar to Figure 4.38, but it shows the effect of variations
in the threshold voltage. The widest possible timing variation is again t3 -t
@ I but the values of t, and ts (earliest and latest state switches) are modified by
the variable threshold level. The jitter is given by Equation (4.53). Note that

Q in order to obtain state switches at t, and t5 as shown in Figure 4.39, the

[} threshold voltage must change from a value of —Vth to & value of +Vth at some time

t4 such that t2 < t4 < t3.

| Solution of Equations (4.50) - (4.52) for t2 and t3 in Figure 4.39 gives
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Nep, SIGNAL A

+Vth

—Vth

-Vce

LINE VOLTAGE AT TERMINATION

Figure 4.39. Signal Waveforms at End of Terminated Transmission Line
With Varying Threshold Voltage

t, = TIn2 + TIn[exp (tui/T) -1] - 1In (1 + Vth/vcc)

ty3 = t,; * TIn2 - TIn (1 - Vth/vcc)’
which yields the following transcendental equation for J:
J=1 - (T/tui)ln [exp (tui/T) - ]]+(T/tui)]"[(] + Vth/VCC)/(l - Vth/Vcc)]' (4.54)
The time constant of the line T can be expressed in terms of the time delay of the
line in seconds per foot (td) and the line length (X):
T =X td/4.4. {4.55)
Equations (4.54) and (4.55) were solved to obtain the graphs shown in
Figures 4.40 and 4.41. Figure 4.40 shows the percent jitter as a function of line

length, and data rate (data rate = tu.‘]) when no threshold offsets occur.

i
Figure 4.41(a)-(c) show the percent jitter when threshold offsets of +0.1 e

+0.2 Vcc’ and +0.4 VCC are pdssible. These graphs were made assuming td = 1.7 nsec/ft,
which is a typical value for a twisted pair line. Comparison of the graphs in

Figure 4.41 with Figure 4,40 shows that the jitter may increase significantly

if threshold offsets occur. For example, with no threshold offset, a data rate of

12M bits/second, and a line length 100 feet, the percent jitter is given by

Figure 4.40 as 5%. However, with a threshold offset of +0.2 Vcc’ Figure 4.41(b)

gives the jitter as 25%, a significant increase. Reference [13] recommends that
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Figure 4.40. Signal Quality as a Function of Line Length and Data Rate

systems be operated with jitters less than 0.01% for reliable operation. Data
with jitters greater than 100% are probably not recoverable.

Information on threshold offsets versus RF power level has been measured
experimentally. Figure 3.7 in this report shows worst case susceptibilities of
five types of line receivers in terms of the threshold voltage offset. This graph

can be used in conjunction with the graphs in Figure 4.41 to estimate the signal

quality in terms of RF power and frequency. The important point for circuit and

system designers is that when systems using line drivers and receivers and long

L
——

| transmission lines are required to operate in harsh electromagnetic environments,

{7 = data transmission rates may have to be slowed in order to ensure reliable data

o ——

communications.

I.
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Figure 4.41. Signal Quality as a Function of Line Length and Data Rate Including
Effects of Threshold Voltage Offsets
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CHAPTER 5
ELECTROMAGNETIC SUSCEPTIBILITY SEMINARS

Three Electromagnetic Susceptibility Seminars have been held during Phase III

—

of the contract, the last two of which were held during this increment. The
second Electromagnetic Susceptibility Seminar was held 19-20 October 1977 and had
83 attendees, while the third was held 25-26 October 1978 and had 46 attendees.
A1l three seminars were held at the McDonnell Douglas Headquarters Building in
St. Louis, and were jointly sponsored by the Naval Surface Weapons Center/
Dahlgren Laboratory and McDonnell Douglas Astronautics Company-St. Louis.

Although the first seminar was concerned mainly with integrated circuit
susceptibility, the later seminars also included information on coupling and
shielding, hardening design, system susceptibility and testing (including shielding
effectiveness testing, laboratory EMV testing and full scale testing).

Included in the first two seminars were discussion sessions where valuable
feedback was obtained on the Integrated Circuit Electromagnetic Susceptibility
Handbook. Discussions centered around such topics as coupling approaches,
shielding within electronic systems, RF impedances of integrated circuits, the RF
susceptibilities of devices and technologies that were not specifically covered in

the handbook, including microprocessors, low-power Schottky TTL devices, NMOS,

i etc., and the evaluation of interference when more than one interference source
i is present. Wherever possible, the comments that were received in these discussions
i‘ were incorporated into the final version of the IC Handbook.
' [5 At the final seminar a special session was devoted to use of the IC Handbook,
and included specific examples of determination of pickup levels, susceptibility
»j Tevels for specific equipment, and shielding levels required to make the equipment
- satisfy customer specifications.
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Based on our experience with these seminars, it appears that the ICES Handbook
has been well received by the EMC community and is currently being used for a
number of EMC related activities. Comments on the handbook have, in general, been
favorable, and most users that have been in contact with MDAC consider it a

valuable reference.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

This report is the final output of the Integrated Circuit Electromagnetic
Susceptibility Investigation conducted by MDAC. The program has been successful
in characterizing, through both measurements and analytical approaches, the electro-
magnetic susceptibility properties of integrated circuits. The major output of
this investigation was the ICES Handbook, which was published 1 August 1978. It
summarizes the susceptibility information gleaned during this investigation in a
form which can be readily applied to a variety of EMC design and analysis activities.
While integrated circuit technology may change rapidly in the coming years,
and increasingly complex circuits may appear, the basic information contained in
the ICES Handbook is expected to remain an accurate estimate of the susceptibilities
of future integrated circuits. The reason for this is that the present interference
mechanism, rectification, is not expected to change with advances in circuit
complexity or technology. The handbook is expected to remain a valuable reference
for many years to come. Based on verbal feedback and on the seminar attendance, the
ICES Handbook has been favorably received, and is currently being used by the EMC

community.
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